Abstract: During a survey of entomopathogenic nematodes from the Mashhad region, in northeastern Iran, an entomophilic nematode was isolated using the Galleria trap method. Morphological characterization showed that this isolate belongs to the family Neodiplogastridae. Detailed morphological and morphometric characterization including SEM data fit with Pristionchus pacificus Sommer, Carta, Kim et Sternberg, 1996, representing the first record of this genus and species from Iran. Iranian specimens of P. pacificus FUM 5 are characterized by the body length (0.69-0.83 mm), the stoma (6-10 µm) bearing a dorsal tooth and a conical elongated tail (146-220 µm). Molecular analyses using 18S and ITS rDNA genes further support this identification. Measurements, illustrations, and SEM photographs of the Iranian isolate are provided and the phylogenetic position of the species is discussed.
Introduction
Nematodes are the most abundant metazoan in marine and terrestrial habitats and in the latter case they represent a significant component of the soil community (Caldwell 1981; Sochova et al. 2006) . Ecologically, they are particularly significant in soil ecosystems where their activity can affect energy flows and nutrient cycling (Sochova et al. 2006 ). Due to their importance in agriculture and crop protection, a survey for isolation of native entomopathogenic and entomophilic nematodes was conducted in the Mashhad region, northeastern Iran. During this studyPristionchus pacificus Sommer, Carta, Kim et Sternberg, 1996, a Neodiplogastrid nematode, previously characterized as free-living, was recovered.
Pristionchus belongs to the family Neodiplogastridae. According to Sudhaus & Fürst von Lieven (2003) there are 28 valid genera plus other more recent described genera. Also, Andrássy (2005) reported more than 40 genera plus these new genera for this group. While most Neodiplogastrids are gonochoristic; two genera, Diplogasteroides de Man, 1912 and Pristionchus Kreis, 1932 produce self-fertilizing hermaphrodites . Pristionchus species have an interesting necromenic association with scarab beetles. In this relationship, infective juveniles after invading a suitable host, do not feed until after host death at which time they then feed on bacteria, fungi, and other nematodes growing on the insect carcass (Rae et al. 2008; Weller et al. 2010; Morgan et al. 2011) . Pristionchus has several species with a necromenic association including P. pacificus that is found on more than ten beetle species including the Oriental beetle Exomala orientalis (Waterhouse, 1875). The majority of Pristionchus species associated with beetles show high specificity to a particular beetle species. For example, two common European species, Pristionchus maupasi (Potts, 1910 ) Paramonov, 1952 and P. entomophagus Steiner, 1929 are found on cockchafers (Melolontha F., 1775) and dung beetle (Geotrupes Latreille, 1796), respectively Hong et al. 2008a; Rae et al. 2008; Morgan et al. 2011) .
Pristionchus pacificus was firstly described by Sommer et al. (1996) and represents the most important species in the genus Pristionchus. This species is a satellite model nematode which used in evolutionary and developmental studies like another model species, Caeonorhabditis elegans (Maupas, 1900) (Rudel et al. 2005; Hong & Sommer 2006; Herrmann et al. 2007; Zauner et al. 2007; Click et al. 2009 ). P. pacificus has worldwide distribution and by now, more than 150 isolates have been recovered from soil and scarab beetles in different continents Rae et al. 2008; Kanzaki et al. 2011) .
Species identification within the genus Pristion- chus, is difficult due to morphological similarity among some species (Herrmann et al. 2006; Mayer et al. 2007) ; DNA sequence analysis is now widely accepted in nematode identification and in assessing phylogenetic relationships (Dorris et al. 1999; Floyd et al. 2002; Blaxter 2003; Kumari & Lišková 2009; Stock 2009 ). Such markers including 18S ribosomal RNA (SSU) and ITS rRNA as well D2-D3 expansions of 28S rRNA (LSU) genes have been demonstrated to be helpful for species delimitation and molecular phylogenetic analysis of several groups of nematodes (Floyd et al. 2002; De Ley et al. 2005; Subbotin et al. 2007 ). Herein we address: 1) morphologic and morphometric characterization of the Iranian isolate (designated FUM 5) of P. pacificus and comparison with previous descriptions, 2) molecular characterization of the Iranian isolate using partial 18S, complete ITS rRNA and D2-D3 expansions of 28S rRNA 3) an evaluation and discussion of its phylogenetic position.
Material and methods
Sample collection and preparation Specimens of P. pacificus were obtained from soil samples using the Galleria mellonella (L., 1758) baiting technique (Bedding & Akhurst 1975) . The collection site was a peach orchard in Masshad, Razavi Khorasan province, in northeastern Iran (36 • 4 N, 59
• 7 E). The infected cadavers were collected, and individually placed on a White trap to collect emerging nematode (White 1927) . Harvested nematodes were stored in distilled water at 8
• C for further study.
Morphological characterization: Light and scanning electron microscopy (SEM). Specimens were killed and fixed using hot (80
formaldehyde solution, and processed to anhydrous glycerin for mounting according to De Grisse (1969) . Measurements were taken directly using an ocular micrometer and/or a curvimeter upon drawing the corresponding organ or structure. Drawings were made using a drawing tube attached to an Olympus light microscope CH-2. For SEM fixed specimens were hydrated (one day), dehydrated in a graded ethanol series (25, 30, 50, 70, 95, 100%) and finally in acetone (100%), critical point dried, coated with gold with CamScan MV2300 microscope operating at 15 mA (Shokoohi & Abolafia 2011) . The terminology used to describe the morphology of the stoma follows the proposals by De Ley et al. (1995) .
Molecular study DNA extraction. Genomic DNA was extracted from an individual adult nematode by grinding in 50 µl 5% Chelex-100 (Sigma-Aldrich Chemie GmbH, Germany) and 2 µl proteinase K. The mixture was incubated at 60
• C for 2 h, followed by incubation for 10 min at 95
• C to denature the proteinase K. The extracted DNA was stored at -20 • C. PCR conditions. A multilocus approach, including sequencing of ITS, 18S and 28S loci, was considered for molecular characterization of the new isolate of entomophilic nematode. The primers used to amplify the genes mentioned above are presented in the Table 1. The PCR mixture was carried out in a reaction volume of 25 µl, containing 2.5 µl of 10× PCR-buffer, 15.7 µl of H2O, 1 µl of MgCl2 (25 mM), 0.5 µl of dNTPs (10 mM), 0.3 µl Taq polymerase (5 units/µl), 1 µl of forward primer (10 pmol/µl), 1 µl of reverse primer (10 pmol/µl), and 3 µl of template DNA. All PCR reactions were conducted in a T-Personal thermocycler (Biometra). The optimized PCR conditions are shown in the Table 2 . Sequencing. Sequencing was performed in 3730XL DNA analyzer in Macrogen Inc. (Seoul, South Korea) (http://dna. macrogen.com). All sequences were confirmed and repeated. The consensus sequence for each gene was submitted to Genbank database for further comparison using nBLAST search (http://blast.ncbi.nlm.nih.gov/Blast/).
Multiple alignments and phylogenetic analysis
For phylogenetic analysis on the basis of the 18S gene, 17 valid and verified sequences were retrieved from GenBank. The sequences were aligned using the ClustalW algorithm ( Thompson et al. 1994 ) and adjusted by eye. The phylogenetic analyses were performed on the Phylogeny.fr platform using maximum likelihood (ML) method (Tamura & Nei 1993) with the GTR substitution model (Dereeper et al. 2008) . For calculation of Neighbor-Joining (NJ) tree (Saitou & Nei 1987) under the Kimura 2 parameter substitution model (Kimura, 1980) MEGA 5 software (Tamura et al. 2011 ) was used (Fig. 4 ). An 18S sequence of the closely related genus Koerneria (K. lucani; AB597233) was used as an outgroup for both analyses (Herrmann et al. 2006; Mayer et al. 2007 ). The NJ tree was bootstrapped 10,000 replicates (Felsenstein 1985) . Sommer, Carta, Kim et Sternberg, 1996 (Figs 1, 2) Population from Mashhad, province of Razavi Khorasan, Iran (11 ¾¾) (measurements, see Table 3 ).
Pristionchus pacificus
Female. Body 0.69-0.83 mm long. Habitus mostly straight after fixation. Cuticle "single". Without punctuation, 2 µm wide at midbody, bearing longitudinal lines which each one comprising two closely lines (visible under LM). Annuli 1.5 µm wide, with conspicuous longitudinal ridges (ca. 12 at head level). Lat- eral field not observed. Lip region continuous with the neck, bearing six separated lips and four cephalic papillae. Stoma as long as wide. Cheilostom wide, with well-developed and cuticularised rhabdia. Gymnostom slightly wider than cheilostom and stegostom. Gymnostome and stegostome anisotopic with subventral walls slightly longer than dorsal. Pro-mesostegostome 9 µm wide. Stegostome bearing claw like tooth, 2-3 × 2 µm. Posterior part of stegostom including meta and telostegostom, telostegostome short, 2 µm diam. and 0.8 µm long. Amphid openings oval, 1.1 µm wide. Pharyngeal corpus cylindrical, 2 times isthmus length. Metacorpus swollen, 20 × 22 µm. Basal bulb spheroid, 21 µm wide and 32 µm long. Cardia conoid. Nerve ring at isthmus level, at 53% of neck length. Excretory pore not visible. Deirid not observed. Intestine without distinct specialization. Reproductive system amphidelphic, both branch equally developed. Uterus tubular, 
Analysis of rDNA sequences
To confirm the morphological identification of the nematode isolate of P. pacificus, a selected sample was analyzed by molecular approaches. Complete sequence of the ITS as well as partial sequence of 18S were determined and deposited in GenBank under the accession numbers JQ699288, JN039364 (ITS sequences) and JQ699287 (18S sequence). The D2-D3 expansion segment of 28S rRNA was not amplified in this study. NBLAST search through GenBank data showed that the Iranian isolate has high similarity with those sequences available for P. pacificus. Analysis of the 18S rDNA region, based on NJ method (Fig. 4) showed three main clades (I, II and III). NJ analysis placed the Iranian isolate of P. pacificus with three other isolates of this species in clade I. However, NJ analysis showed that P. pacificus FUM 5 differs from all other known isolates. The 18S sequences comparing P. pacificus FUM5 with other isolates of the species (i.e., with accession numbers PPU81584, DQ270018 and AF083010) were 0.35, 0.41 and 0.39%, respectively. Bootstrap support for the association between the new isolate of P. pacificus and the other three known isolates was 88%, with 10000 replicates in the NJ tree. Two isolates of P. cf. pacificus (AB597235 and AB597236) were shown to be sister to a clade of four other isolates including FUM5 isolate. The nearest clade (II) to P. pacificus includes species P. pauli Herrmann, Mayer et Sommer, 2006 , P. marianneae Herrmann, Mayer et Sommer, 2006 and P. maupasi. The clade III included some other species, P. lheritieri Maupas, 1919, P. entomophagus and P. uniformis Fedorko et Stanuszek, 1971 . The monophyletic clade containing the new isolate of P. pacificus was strongly supported the tree obtained from NJ analysis. Analyses by NJ and ML method showed similar results for new isolate of P. pacificus. The topology of ML tree (Fig. 3) is consistent with the position of the species and new isolate resulted by NJ (Fig. 4) .
Discussion
Previously, P. pacificus was isolated as a new species from Pasadena, California, USA (Sommer et al. 1996) . In this study, a single population of P. pacificus from a peach orchard of Mashhad, Razavi Khorasan province, Iran was shown to agree with the original description by Sommer et al. (1996) . This species resembles to P. maupasi, although it is distinctive by the longitudinal lines comprised of closely apposed pairs on its cuticle (vs. not lacking such lines). Also, P. pacificus is similar to P. lheritieri, however P. pacificus differs in the morphology of lip region (slightly indented vs not indented) and by teeth that are more robust and anteriorly directed (vs less robust and less anteriorly directed). The papillae arrangement of the male tail of the Iranian population of P. pacificus fits well with the original description. Other minor differences among isolates may be expected due to geographical distribution and habitat. Morphological identification of nematodes is often difficult and time consuming due to variable and overlapping characters as well as problems of interpreting plesiomorphic states and convergent (homoplasious) features (Dorris et al. 1999; Stock 2002; Blaxter 2003; Stock & Reid 2004; Kumari & Lišková 2009 ). Furthermore, most of the characters used for species identification are only good for diagnostic purposes without phylogenetic value (Dorris et al. 1999; Stock 2002; Stock & Reid 2004) . For these reasons, methods such as molecular analysis have particular value for identifying nematodes (Dorris et al. 1999; Blaxter 2003; Kumari & Lišková 2009 ). Partial 18S rRNA sequences are used extensively as molecular markers for taxonomic identification as well as phylogenetic inference in most groups of nematodes (Floyd et al. 2002; Abebe et al. 2011 ). Herrmann et al. (2006 and Mayer et al. (2007) used 18S sequence for identification and phylogenetic inference of Pristionchus species. Specifically they demonstrated that this gene serves as a fast and accurate barcoding marker for species identification with sufficient resolution within the genus Pristionchus. The present study has fairly good agreement with the phylogeny of Pristionchus species as proposed by Herrmann et al. (2006) and Mayer et al. (2009) based on the molecular phylogeny of partial 18S.
Based on the SSU-sequence dataset, P. pacificus, within Neodiplogastridae, belongs to clade V, proposed by Blaxter et al. (1998) ; clade V also includes Rhabditida such as C. elegans, the vertebrate-parasitic order Strongylida, and the entomopathogenic genus Heterorhabditis Poinar, 1976 (Blaxter et al. 1998; ). Herrmann et al. (2006) and Brown et al. (2011) demonstrated that P. pacificus species have nictation behaviour and association with insects. Consequently, it may not be surprising that this species is placed with free living and parasitic nematodes in one clade. Brown et al. (2011) suggested that nictation behaviour in P. pacificus serves in host-finding behaviour. Speculation is that nictation or nictationlike host finding behaviors are crucial during the initial steps of parasitism evolution (Brown et al. 2011) . Association with dead insects as in the Pristionchus genus could be interpreted as representing a pre-adaptation for the evolution of true parasitism, including an environment furthering adaptation to low oxygen levels, high temperatures and toxic host enzymes (Rae et al. 2008 ).
Some differences between P. pacificus and C. elegans with respect to the development of the vulva, the gonad and the buccal cavity, have contributed to this species being an ideal satellite organism in comparative studies with C. elegans (Rudel et al. 2005; Hong & Sommer 2006; Herrmann et al. 2007; Zauner et al. 2007; Click et al. 2009 ). Morgan et al. (2012) mentioned that the complex effects of environmental, ecological and geological factors can influence local adaptation and genotypic evolution in P. pacificus. They showed that differential colonization and host associations have achieved a richly diverse pattern in P. pacificus (Morgan et al. 2012) . While P. pacificus has developed as a model system in evolutionary developmental biology in the last decade, finding a new isolate of this model may provide new insight into how redundant developmental mechanisms evolve (Hong et al. 2008b ).
